The in-situ observation of Au dot formation and the self-assembly dynamics of Au nanoparticles (NPs) was 12 successfully demonstrated via dewetting of Au thin films on SiO2 glass substrates under nano-second pulsed 13 laser irradiation using a multi-quantum beam high-voltage electron microscope. Moreover, using electron 14 energy-loss spectroscopy (EELS) performed in a scanning transmission electron microscope (STEM), the 15 plasmonic properties of the formed Au/SiO2 nanostructure were analyzed to demonstrate its validity in 16 advanced optical devices. The uniformly distributed Au NPs evolved into a dot alignment through movement 17 and coalescence processes was demonstrated in this in-situ observation. We carried out the Plasmon-loss images 18 of the plan view and the cross-section of the Au/SiO2 nanostructures were obtained at the plasmon-loss peak 19 energy for investigate the three-dimensional distribution of surface plasmon. Furthermore, discrete-dipole 20 approximation (DDA) calculations were used to simulate the plasmonic properties, such as the surface plasmon 21 resonance and the surface plasmon field distribution, of isolated single Au/SiO2 nanostructures. This STEM-22 EELS-acquired surface plasmon map of the cross-sectional sample is in excellent agreement with the DDA 23 2 calculations. This results demonstrated the influence of the contact condition between Au NP and SiO2 glass on 1 the plasmonic properties, and may improve the technology for developing advanced optical devices. 2 3 4 3
Introduction 1
The direction and periodic intervals of femtosecond-or nanosecond-pulsed laser-induced periodic 2 surface structures (LIPSS) strongly depend on the wavelength and electric field vector (E vector) of 3 the incident laser [1, 2] . Recently, we successfully obtained LIPSS via nanosecond-pulsed laser 4 irradiation and via Ar + ion and nanosecond-pulsed laser co-irradiation on an Au thin film deposited 5 on SiO2 glass substrates [3, 4] . Also, the obtained direction of the LIPSS was either parallel [1, 3] or 6 perpendicular [2, 4] to the E vector of the incident laser. 7 Recently, transmission electron microscope (TEM) in situ observations of thermal annealing-8 induced [5] or pulsed laser-induced [6, 7] dewetting of metallic films deposited on a dielectric 9 substrate was obtained during the assembly process of the metallic films into a nanoparticle (NP) 10 array. These results have demonstrated that in situ observation using a modified TEM is an effective 11 method to study the thermal annealing-or quantum beam irradiation-induced dewetting. However, in 12 situ observational research capturing the NP array variation as a function of increased laser pulse is 13 as yet insufficient. In previous works, we have reported in situ observation of nanosecond-pulsed 14 irradiation-induced dewetting evolution of an Au film on an SiC substrate using a high-voltage 15 electron microscope (HVEM) equipped with a nanosecond-pulsed laser [8] . 16 Noble metallic NPs exhibit the well-known quantum phenomena of surface plasmon resonance 17 (SPR), which is a collective oscillation of conduction electrons driven by the incident light. The SPR 18 can enhance the electronic field surrounding the noble metallic NPs, which is capable of enhancing 19 the performance of biosensors [9] , photocatalytics [10-12] and solar cells [13, 14] . The desired SPR 20 frequency of a noble metallic NP/dielectric system can be produced by controlling the size [15, 16] , 21 shape [16] and interparticle distance [17] of the noble metallic NPs. Therefore, clarifying the 22 improves the electron energy resolution to about 0.12 eV (defined by the full width at half maxima 1 of the zero-loss peak). To analyze the peak occurring in the EELS spectrum, we using the Gaussian 2 non-linear least squares (NLLS) fitting, Zero-loss peak removal and background removal via the 3 DigitalMicrograph (Ver. 2.11.1404.0) software. Cross-sectional TEM samples for the FX-TEM and 4 the spherical aberration-corrected TEM/STEM (Cs-TEM/STEM; FEI, Tital G2 60-300) were 5 prepared using focused ion beam equipment (FIB; JEOL, JEM-9320). 6
In this study, the DDA method was applied to calculate the photoabsorption coefficients and the 7 surface plasmon near-field distribution of the Au NPs on the SiO2 glass substrate, using the software 8 
Results and Discussion 16
Figure 1(a) shows an SEM image of the surface morphology of the ex situ sample, where the 17 surface can be seen to exhibit an uneven covering of Au granular grains on the as-deposited Au thin 18 films on the SiO2 glass substrate. The cross-sectional sample was prepared from the as-deposited ex 19 situ sample using FIB equipment, and from the cross-sectional FX-TEM image (Figure 1(b) ), the 20 thickness of the Au thin films are seen to be approximately 15 nm thick. In these FX-TEM 21 observations, the areas that appear thinner than the other regions may be the crack-like structures seen 22 8 in Figure 1 (a). Figure 1(c) shows an FX-TEM image of the surface morphology and a selected area 1 diffraction pattern of the in situ sample, where the same Au granular grains can be observed on the 2 surface of the as-deposited Au thin films on the SiO2 glass substrate of the in situ sample as seen on 3 the ex situ sample. The selected area diffraction pattern confirms the as-deposited Au thin films to be 4 polycrystalline. Therefore, the Au thin film is considered to be uniform and with a thickness of 5 approximately 15 nm. 6
First, we carried out ex situ irradiation experiments to investigate the optical properties by visible 7 optical absorption spectra. Figure 1 Figure 1(f) shows the visible optical absorption spectrum of the irradiated ex situ sample after 10 13 pulses, exhibiting a clear peak corresponding to an SPR-enhanced absorption at a wavelength of 537 14 nm (photon energy: 2.31 eV). These results demonstrate that, after laser irradiation with an average 15 energy density of 50 mJ/cm 2 for 10 pulses, Au NPs are formed on the surface of SiO2 glass substrate 16 that demonstrate some SPR effect. Therefore, these laser parameters were used to perform the in situ 17 observation experiment. video test by MQB-HVEM (The video of the in situ observation running from before irradiation until 1 600 irradiation pulses is available in the Supplementary Information, Video M1). Immediately after 2 the initial irradiation pulse, the Au thin films change to Au NPs possessing diameters from a few tens 3 to a few hundreds of nanometers (Figure 2(b) ). After two irradiation pulses, some of the Au NPs 4 vanish from the view of the in situ observation, which we hereafter call the "vanished Au NPs." In 5 addition to the occurrence of vanished Au NPs, movement, coalescence and growth of the remaining 6 Au NPs were observed. In this in situ observation experiment, after 600 irradiation pulses the size, 7
shape and distribution of the Au NPs are likely to stabilize. Therefore, we analyzed the behavior of 8 the movement, coalescence and distribution of the Au NPs as a function of irradiation up to 600 9 irradiation pulses. As shown in Figure 2 , the behavior of the Au NPs is analyzed using the in situ 10 MQB-HVEM images, analyzing consecutive images for Au NPs movement (blue arrows), 11 coalescence and growth (red arrows), and vanished Au NPs (orange dotted circle) as the number of 12 laser pulses is increased. (The comparison of different MQB-HVEM images obtained after different 13 numbers of laser pulses, the image processing method and the results are displayed in Supporting 14 Information S1.) In this in situ observation experiment, the vanished Au NPs often occur in the area 15 enclosed by yellow dotted lines in Figure 2 . These vanished Au NPs may disappear owing to laser 16 ablation, and based on these results, we consider this area to be one that experiences a high laser 17 energy. In this high-laser-energy area, the number of Au NPs decreases because several Au NPs 18 vanish or move to both sides (yellow dotted line in Figure 2 ), where the Au NPs ultimately develop 19 into a line-like arrangement (analysis method displayed in Supporting Information S2). 20 The evolution of the size and shape of the Au NPs was also analyzed as a function of increasing 21 number of laser pulses using the TEM images of the in situ observation. Figure 3 In this study, as the number of pulses increases from 1 to 10, the average Heywood diameter increases 3 and simultaneously the average aspect ratio suddenly decreases. After 10 irradiation pulses, the 4 average Heywood diameter is maximized (65.9±1.5 nm) for this in situ observation experiment. As 5 the number increases from 10 to 600 irradiation pulses, the average Heywood diameter decreases to 6 60.4±1.2 nm while the aspect ratio, which initially exhibits a slight fluctuation, ultimately stabilizes 7 at a value of 1.2 in this in situ observation experiment. The average Heywood diameter of Au NPs 8 after 1 and 600 irradiation pulses are close. However, the distribution of the average Heywood 9 diameter of Au NPs are different between them. As increasing laser irradiation pulses, the histogram 10 is getting to show Gaussian distribution and highest frequency of Heywood diameter of Au NPs is 11 going toward into the average value. 12 exhibiting an average of 6.5±0.1 nm. Therefore, the movement process of the larger Au NPs could be 17 achieved through coalescence around these small Au NPs. Ar + ion and nanosecond-pulsed laser co-irradiation [4] upon Au thin films deposited on SiO2 glass 4 substrates.Therein, initially the Au NP formation was dispersed uniformly, and as the irradiation dose 5 was increased, ultimately the LIPSS formed on the SiO2 glass substrate. In that study, however, we 6 inadequately explicated the process underlying the change of the uniformly dispersed Au NPs to 7
LIPSS. 8
From the result of this study, we now reconsider the LIPSS formation process. Under single-beam 9 laser irradiation and based on the interference between the incident laser light and the scattered laser 10 light, the energy density was periodically distributed on substrate surface. In the regions of 11 constructive interference, some of the Au NPs vanish by laser ablation while some move to regions 12 of destructive interference. Therefore, on the surface of substrate, the number of Au NPs will decrease 13 in regions of constructive interference and will increase in regions of destructive interference. Finally, 14 randomly-dispersed Au NPs change to a periodic nanostructure. 15
From the results of the in situ observation, we record the dewetting behavior of Au thin films on 16
SiO2 glass substrates during nanosecond-pulsed laser irradiation and analyzed the change of the 17 Heywood diameter and the aspect ratio. We also carried out STEM-EELS experiments to investigate 18 the plasmonic properties of the formed Au NPs induced by laser irradiation. 19 Figure 4 show the results of the STEM-EELS experiment on the in situ sample. Figure 4 sample (labeled point 1 in Figure 4(a) ). The EELS spectrum exhibits a clear peak corresponding 1 to the plasmon loss peak (labeled peak 1 in Figure 4(b) ). After Gaussian NLLS fitting of the peak 2 via DigitalMicrograph, we obtained a plasmon loss energy of 2.18 eV. This plasmon loss energy is 3 close to the reported plasmon loss peak of Au nanostructures obtained by Chu et al. [22] [23] . 4 Therefore, a surface plasmon map was obtained by mapping the STEM-EELS excitation intensity 5 from an area including an Au NP (square area in Figure 4 (a)) with an energy selection slit at 0.1 eV 6 and ranging from 1.93 to 2.43 eV (Figure 4(c) , mesh dimension of 5×5 nm 2 ). As shown in Figure  7 4(c), the near-field distribution of the surface plasmons surrounding the Au NP is demonstrated. 8
In our previous study, we reported that the Au NPs formed on the SiO2 glass substrate were induced 9 by nanosecond-pulsed laser irradiation in the vacuum chamber [4] . Moreover, we demonstrated 10 therein via cross-sectional TEM images that an Au NP formed on the surface of the SiO2 glass 11 substrate [4] . In this work, a cross-sectional Cs-TEM image of the same cross-sectional sample 12 prepared for use in our previous study is shown in Figure 5 Figure 5 (a), zero-loss peak and background of EELS spectrum was removed), where the 17 EELS spectrum has a clear peak corresponding to a plasmon loss peak (labeled peak 2 in Figure 5(b) ) 18 whose energy, by Gaussian NLLS fitting, was found to be 2.20 eV. Therefore, the surface plasmon 19 map was obtained by mapping the STEM-EELS excitation intensity from an area containing an Au 20 NP and some SiO2 substrate (square area in Figure 5(a) ) with an energy selection slit at 0.1 eV and 21 ranging from 1.85 to 2.45 eV ( Figure 5(c) , mesh dimension of 2×2 nm 2 ). As shown in Figure 5(c) , 22 the near-field distribution of the surface plasmons exists at the right and left outsides of the interface 1 between the Au NP and the SiO2 glass substrate. In particular, the maximum STEM-EELS excitation 2 intensity is clearly present at the right outside of the interface between the Au NP and SiO2 (Figure  3 5(c)). In previous works, we obtained Au NPs partially embedded in the SiO2 glass substrate 4
following Ar + ion irradiation [18] [19] [20] [21] or nanosecond-pulsed laser and Ar + ion co-irradiation [4] , where 5 the embedded depth could be controlled by the Ar + ion dose. Therefore, the cross-sectional surface 6 plasmon distribution of these partially embedded Au NPs with varying embedded depth could be 7 probed by STEM-EELS in future work. 8
As shown in Figure 5(a) , the aspect ratio of the diameter/height of the Au NP is about 1. 22. 9 Therefore, DDA calculations were run using this aspect ratio, and the 3D model is schematically 10 illustrated in Figure 6 of a single Au NP on the surface of an SiO2 glass substrate in the cross-11 sectional (X-Y plane) view (Figure 6(a) ) and the top view (Y-Z plane) ( Figure 6(b) ). The contact 12 between the Au NP and SiO2 glass substrate was a surface contact ( Figure 6 shows the DDA-calculated absorption coefficient plotted for wavelengths from 400 to 800 nm 14 (wavelength spacing of 1 nm for 500-550 nm range, and 8 nm otherwise). In this DDA calculation, 15 the incident light was along the X-direction and was polarized along the Y-direction. This 16 calculated absorption coefficient plot exhibits a clear peak at a wavelength of 525 nm (photon 17 energy: 2.36 eV), corresponding to an SPR-enhanced absorption. The simulated plasmon near-field 18 distributions were then calculated at this SPR peak wavelength ( Figure 6(d) ), and the color bar 19
shows the electric field enhancement |E| 2 /|E0| 2 , where |E0| is the amplitude of the incident field and 20 |E| is the amplitude of the local electric field surrounding the Au/SiO2 nanostructure. As shown in 21 Figure 6(d) , the surrounding environment of the Au NP exhibits a dipole-like plasmon field 22 distribution. In addition, regions with field enhancement up to 50 times or more exist at the outsides 1 of the interface between the Au NP and the SiO2 glass substrate. The region of most enhancement 2 field exhibited at corners near the contacts of Au NP to the SiO2 glass substrate is excellent 3 agreement with the STEM-EELS-acquired surface plasmon map of the cross-sectional sample 4 ( Figure 5(c) ). However, the simulated plasmon field distribution of left and right sides is 5 symmetrical, but the experimental cross-sectional plasmon field distribution of the left and right 6 sides is significantly different (Figure 5(c) ). 7
In this study, the STEM-EELS-acquired energy of the plasmon loss peak is significantly lower than 8 the calculated photon energy of the SPR peak. A redshift (shift to the lower energy side) of the SPR 9 peak can be driven by closely-coupled metallic NPs [36, 37] . As can be seen in Figure 3 (c) and 4(a), 10 following laser irradiation, a number of relatively small Au NPs a few nanometers in diameter are 11 asymmetrically dispersed around the larger Au NP. The difference existed between the experimental 12 and theoretical results in the case of the plan view STEM-EELS experiment may therefore be the 13 result of these small Au NPs. In the case of cross-sectional experiment, the plasmon loss peak could 14 be influenced by the tens of nanometers Au NP on its left side of the measured Au NP as shown in 15 Figure 5(a) . Take a closer look at the Figure 5 (b), a shoulder peak was observed in the lower energy 16 side of the main plasmon loss peak. For coupled Au nanostructures, it has been shown that STEM-17 EELS can reveal the different surface plasmon distribution depending on the different surface 18 plasmon modes [23] [24] [25] . Also, the STEM-EELS can reveal the different plasmon loss peaks 19 20 depending on the different surface plasmon modes, and a shoulder peak can be existed when the 1 energy of two peak are close [23] [24] [25] . Therefore, the shoulder peak as shown in Figure 5 (b) could be 2 exhibits two surface plasmon modes induced by interaction between coupled two Au NPs as show in 3 Figure 5 (a). Clarification of the shoulder peak will be an import aspect of future work. In addition, 4 symmetrically patterned Au nanostructures exhibit a symmetric distribution pattern of the surface 1 plasmon field [23, 24] . On the other hand, Meng et al. [21] have investigated the plasmon field 2 distribution of Au NPs partially embedded in SiO2 glass substrates at the SPR peak using the DDA 3 calculation method, where their results showed that the maximum plasmon field enhancements exist 4 at the junction regions between the Au NPs and the silica glass substrate. The plasmon field 5 distribution of metallic NPs on the dielectric is strongly influenced by contact angle between metallic 6 NPs and substrate [21, 38, 39] . The plasmon field is enhanced at corners near the contacts of Au NP 7 to the SiO2 glass substrate could be indicated the electron oscillation on the Au NPs near the contacts 8 region [21, 38, 39] . From the above results, the plasmon field distribution of Au NP could be 9
controlled by the distribution of the Au NPs and the contact situation between the Au NPs and the 10 SiO2 glass substrate. 11 12
Conclusions 13
In conclusion, using in situ observation experiments we have successfully and simultaneously 14 observed the formation of Au NPs and the modification of these Au NP shapes and arrays with 15 increasing number of laser pulses via laser irradiation-induced dewetting of Au thin films on SiO2 16 glass substrates. The first stage (from 1 to 10 irradiation pulses) was dominated by coalescence and 17 growth, wherein the Heywood diameter of Au NPs increased. In the second stage (from 11 to 600 18 irradiation pulses), however, the Heywood diameter of Au NPs decreased. The Au NP arrays evolved 19 as the number of laser irradiation pulses increased where, through movement and coalescence, some 20 of the Au NP arrays evolved to exhibit alignment. The plasmonic properties of these Au/SiO2 21 nanostructures formed by laser irradiation were measured using surface plasmon maps obtained via 22 be stabilized after 600 irradiation pulses, so we analyzed the movement, coalescence and distribution 1 behavior of the irradiated Au NPs up to this number of pulses. To analyze the behavior, we compared 2 image-processed MQB-HVEM images for a varying number of laser pulses (image processing 3 method given in the experimental procedure). The image position alignment was accomplished using 4 an Au NP present in all of the images that experienced almost no shape change during the in situ 5 observation and that possessed a unique shape resembling the letter `F` (yellow frame in Figure S1(b) ). 6 Figure S1 (b)-(i) show the TEM images obtained after 1, 2, 3, 4, 50, 100, 300 and 600 pulses, 7 respectively. Figure S2 initial/final comparison images in Figure S2 (a)-(g) respectively compare 1 pulse/2 pulses, 2 pulses/3 10 pulses, 3 pulses/4 pulses, 4 pulses/50 pulses, 50 pulses/100 pulses, 100 pulses/300 pulses and 300 11 pulses/600 pulses. Therefore, in the comparison image, blue Au NPs are those that appear after laser 12 irradiation, the red Au NPs are those that have dispersed after laser irradiation, and the red and blue 13 combined (i.e., purple) regions indicates Au NPs that have not changed. In addition, the movement 14 of the Au NPs is indicated by black arrows, while coalesced Au NPs are indicated by green arrows. 15
From 1 to 4 irradiation pulses, some of the Au NPs are seen to have moved to the line-like 16 arrangement of NPs (black dotted line in Figure S2 (a)-(g)) and are combined with Au NPs in the 17 neighborhood of the line-like arrangement. Therefore, the number of Au NPs is reduced by the 18 nanosecond-pulsed laser irradiation in the region between the black dotted lines. As shown in Figure  19 2 in the manuscript, several Au NPs are arranged to resemble a line along the yellow dotted lines. Figure S3 shows MQB-HVEM images of (a) after 1 irradiation pulse and (d) after 600 irradiation 3 pulses, lower right inset of (a) and (d) the corresponding fast Fourier transform (FFT) patterns, 4 respectively. Figure S3 bright pair dots are appeared in the ACF image ( Figure S3 (e)) and the distance between the bright 8 dots are about 275 nm in the line profiles image ( Figure S3 (f) ). These results indicate that the 9 distribution of the Au NPs began to evolve in a line arrangement. Moreover, the direction of several 10 Au NPs movement is toward the yellow dotted line as shown in Figure 2 and Figure S2 . respectively. 5
